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013.07.0Abstract In this work, the Nb–14Si–24Ti–10Cr–2Al–2Hf–0.1Y alloy (at.%) was processed by the
liquid–metal-cooled directional solidiﬁcation (DS) at 1750 C with withdrawal rates of 1.2, 6,
18 mm/min and post heat treatment (HT) at 1450 C for 10 h. The microstructures of the direction-
ally solidiﬁed and heat treated samples were investigated. The results show that the microstructure
of directionally solidiﬁed alloy mainly consists of petaloid Nbss + Nb5Si3 eutectics and Ti-rich
Nbss + Nb5Si3 + Cr2Nb eutectics. With the increase of withdrawal rate, the primary Nb5Si3 is
eliminated, Nbss + Nb5Si3 eutectic cells turn round and connected with the microstructure reﬁne-
ment and Nbss + Nb5Si3 + Cr2Nb eutectics turn to a river-like morphology. After heat treatment,
Nbss + Nb5Si3 + Cr2Nb eutectics disappeared and petaloid Nbss + Nb5Si3 eutectics turn to a spe-
ciﬁc ﬁber-mesh structure gradually, which is promoted by higher withdrawal rates. Furthermore,
both the volume fraction of Cr2Nb and the content of Cr in Nbss of Nbss + Nb5Si3 eutectics change
regularly with the increase of withdrawal rate and heat treatment at 1450 C for 10 h.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
Niobium–silicides based alloys are expected to be promising
candidate materials for the next generation of aircraft engine
due to their notably high melting points, moderate density,
high stiffness and good strength retention at high tempera-
tures.1–5 In niobium–silicides based alloys, Nb solid solution82316958.
(H. Zhang).
orial Committee of CJA.
g by Elsevier
ing by Elsevier Ltd. on behalf of C
32(Nbss) provides the ambient temperature fracture toughness,
the silicides (Nb5Si3 and Nb3Si) supply high temperature
strength and Cr2Nb with silicides together contributes to high
temperature oxidation resistance.6,7 Characteristics of the
above constituent phases including the fraction volume, mor-
phology, distribution and composition have an impact on
the balance of properties at both ambient and high tempera-
tures.8–10 Therefore, microstructure controlling and optimizing
of Nb–Si based alloys are of great signiﬁcance.
In previous work,11 we investigated the microstructures and
properties of Nb–16Si–22Ti–2Al–2Hf–17Cr alloy. However,
the large-size silicides in the hypereutectic alloys prejudiced
the room temperature fracture toughness. In order to obtain
excellent fracture toughness, Si addition was decreased toSAA & BUAA.Open access under CC BY-NC-ND license.
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added to reduce the content of the impurity elements.
In addition to the alloy composition, processing technolo-
gies are effective means to optimize the microstructure,13,14
and directional solidiﬁcation has been proved to improve
the high temperature strength with Nbss and intermetallic
phases well aligned along the growth direction.15,16 Moreover,
appropriate heat treatment could alleviate solute segregation
and eliminate unstable phases.17,18
In this study, anNb–14Si–24Ti–10Cr–2Al–2Hf–0.1Y (at.%)
alloywas directionally solidiﬁed by liquid–metal-cooledmethod
and then heat treated. The purpose of this the present work was
to investigate the effects of withdrawal rate and heat treatment
on the morphology, distribution, composition and volume frac-
tion of the constituent phases.Fig. 1 XRD patterns of DS samples with different withdrawal
rates.2. Experimental
With the nominal composition of Nb–14Si–24Ti–10Cr–2Al–
2Hf–0.1Y, a master alloy button, weighing approximately
1.5 kg, was prepared by vacuum non-consumable arc-melting
(VCAM). The alloy button was melted four times to ensure
chemical homogeneity. Master alloy rods with 13 mm in diam-
eter were cut from the ingot by electro-discharge machining
(EDM). An Al2O3 crucible with layer of high purity Y2O3
in the interior wall surface was used for directional solidiﬁca-
tion. Directional solidiﬁcation was conducted in a vertical
Bridgman furnace and liquid metal cooling method. After
holding for 20 min at 1750 C in the atmosphere of argon,
samples were withdrawn at 1.2, 6, 18 mm/min respectively
and the withdrawal distance was set to be 160 mm. The sam-
ples were cut open longitudinally from the middle, half of
which were then heat treated at 1450 C for 10 h in a high vac-
uum heat treatment furnace. Directionally solidiﬁed samples
at 1.2, 6, 18 mm/min were marked as DS1.2, DS06, DS18,
and the subsequent heat treated samples were marked as
HT1.2, HT06, HT18. All the samples were chosen from the
steady-state area. Microstructure analysis was performed in
a scanning electron microscope (SEM, QUANTA600)
equipped with an energy dispersive X-ray spectroscopy
(EDS, INCAPentaFETx3). The EDS results given in this pa-
per were average values of three measurements. The phases
were identiﬁed by the X-ray diffraction (XRD, D/max2200pc,
Cu Ka).Table 1 Compositions of constituent phases in DS samples determ
Sample Phase Nb
DS1.2 Nb5Si3
* 31.55
Nbss 69.43
Nb5Si3 45.44
Cr2Nb 24.21
DS06 Nbss 61.34
Nb5Si3 44.52
Cr2Nb 22.29
DS18 Nbss 60.38
Nb5Si3 46.93
River-like eutectic Nbss + Nb5Si3 + Cr2Nb 28.133. Results and discussion
3.1. Microstructure of directionally solidiﬁed (DS) samples
Fig. 1 illustrates the XRD patterns of DS samples with different
withdrawal rates. Combining EDS results shown in Table 1, it
can be conﬁrmed that the DS samples are composed of Nbss,
Nb5Si3 and Cr2Nb. As shown in Fig. 1, the type of constituent
silicide was a-Nb5Si3, forming in the D81 body-centered tetrag-
onal structure. The structure type of Nb5Si3 did not change with
the withdrawal rate increasing from 1.2 mm/min to 18 mm/min.
Fig. 2 presents the typical backscattered electron (BSE)
micrographs of the directionally solidiﬁed alloy with different
withdrawal rates at a constant temperature of 1750 C.
Microstructures of DS samples mainly consisted of Nbss +
Nb5Si3 eutectics and Ti-rich Nbss + Nb5Si3 + Cr2Nb eutec-
tics located between the Nbss + Nb5Si3 eutectic cells. From
the transverse sections of DS specimens in Fig. 2(e)–(h), it
could be seen that Nbss + Nb5Si3 eutectic cells, in which
the granular or rod-like Nbss were distributed in the Nb5Si3
matrix, were tetragonal or nearly round. Fine granular Nbss
tended to gather in the center of eutectic cells, while in the
exterior margin, rod-like Nbss were largely perpendicular to
boundaries of the eutectic cells. Nbss and Nb5Si3 grew radially
from the interior to the boundaries of eutectic cells in a cou-
pled manner, and hence Nbss + Nb5Si3 eutectic cellsined by EDS (at.%).
Si Ti Al Cr Hf
28.36 30.11 1.36 5.07 3.55
3.05 18.41 1.84 6.47 0.80
36.13 15.18 0.60 0.37 2.28
10.90 14.23 0.71 47.39 2.55
4.09 22.07 2.09 9.37 1.04
36.02 15.70 0.91 0.50 2.44
10.78 15.59 0.84 47.31 3.19
3.52 22.38 2.09 10.59 1.04
35.85 14.15 0.64 0.44 1.99
12.19 28.94 1.85 25.64 3.25
Fig. 2 Typical microstructures of directionally solidiﬁed Nb–14Si–24Ti-10Cr–2Al–2Hf–0.1Y alloy on both longitudinal ((a)–(d)) and
transverse ((e)–(h)) sections with withdrawal rates of ((a), (e)) 1.2 mm/min; ((b), (f)) 6 mm/min; ((c), (g), (d), (h)) 18 mm/min.
440 F. Ding et al.presented a petaloid morphology, as shown in Fig. 2(e) and
(f). From the longitudinal sections of the DS specimens in
Fig. 2(a–(d), it could be seen that both Nbss + Nb5Si3
eutectics and Nbss + Nb5Si3 + Cr2Nb eutectics were aligned
erectly along the growth direction and the interfaces of
Nbss + Nb5Si3 eutectics were distinct.The withdrawal rate affected signiﬁcantly on microstruc-
tures of directionally solidiﬁed specimens. In DS1.2 sample,
there existed primary Nb5Si3 blocks (marked as Nb5Si3
*) as
well. The average width of the blocks was about 35 lm.The
sharp and straight edges of Nb5Si3
* indicated a typical feature
of facet growth, as shown in Fig. 2(e). However, with the
Fig. 3 XRD patterns of HT samples with different withdrawal
rates.
Table 2 Compositions of constituent phases in DS samples
determined by EDS (at.%).
Sample Phases Nb Si Ti Al Cr Hf
HT1.2 Nb5Si3
* 28.15 36.79 26.23 1.21 1.57 6.05
Nbss 63.92 2.09 20.59 1.63 11.02 0.75
Nb5Si3 46.62 35.89 14.41 0.70 0.35 2.03
Cr2Nb 22.89 10.60 15.03 0.78 47.70 3.00
HT06 Nbss 53.88 2.42 27.35 2.26 12.98 1.11
Nb5Si3 41.57 36.58 17.59 0.61 0.54 3.11
Cr2Nb 23.71 9.51 13.89 0.83 49.55 2.51
HT18 Nbss 55.34 2.52 27.39 2.31 11.31 1.13
Nb5Si3 47.32 35.80 13.82 0.72 0.34 2.00
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* disappeared in DS06 and
DS18 samples. This change closely related to the deviation
of Nb + Nb5Si3 pseudo-eutectic area during non-equilibrium
solidiﬁcation. For an alloy with eutectic reaction, it was
believed that19,20 when the melting points of constituent phases
were different, pseudo-eutectic area would locate to the side of
one with higher melting point and higher solidiﬁcation rate
would cause greater deviation. Hence, for Nb-Si alloy, eutectic
point of Nb + Nb5Si3 would deviate gradually to the side of
Nb5Si3 with the increase of withdrawal rate. For the hypereu-
tectic composition investigated, hypereutectic microstructure
would gradually convert into eutectics with the increase of
withdrawal rate.
The average diameter of Nbss + Nb5Si3 eutectic cells in
DS1.2 was 330.7 ± 23.5 lm, while in DS06 and DS18 samples,
it changed to 235.8 ± 12.7 lm and 25.0 ± 1.2 lm respectively.
While the size of Nbss + Nb5Si3 eutectics decreased with the
increase of withdrawal rate, their volume fraction increased.
Furthermore, the morphology of Nbss + Nb5Si3 eutectic cells
changed obviously. From transverse sections it could be seen
that the boundaries of Nbss + Nb5Si3 eutectic cells in DS1.2
were mainly tetragonal (as shown by the two rectangles in
Fig. 2(e)), while in DS06 and DS18 they turned smoother
and rounder. As shown in Fig. 2(f), the boundary of cell A
and cell B in DS06 sample were semicircular and round respec-
tively. In DS18 sample, with the microstructure reﬁnement,
Nbss + Nb5Si3 eutectic cells turned smoother and Nbss in the
exterior margin of eutectic cells became connected, as shown
in Fig. 2(h).
With the increase of withdrawal rate, both the volume
fraction of Nbss + Nb5Si3 + Cr2Nb eutectics decreased and
Cr2Nbdecreased. The volume fraction ofCr2Nbdecreased from
5.8% in DS1.2 to 3.1% in DS06 approximately. While in DS18
sample, the volume fraction of Cr2Nb was less than 1%.
This change affected the morphology of Cr2Nb in Nbss + Nb5-
Si3 + Cr2Nb eutectics. In DS1.2, with a high content in
Nbss + Nb5Si3 + Cr2Nb eutectics, most Cr2Nb acted as the
matrix in which small amounts of Ti-rich Nbss and Nb5Si3 were
located. There even existed single-phase Cr2Nb outside the
region of Nbss + Nb5Si3 + Cr2Nb eutectics as shown in
Fig. 2(e). With the increase of withdrawal rate, the single-phase
Cr2Nb disappeared. In DS18 sample, with a decreased content
of Cr2Nb in Nbss + Nb5Si3 + Cr2Nb eutectics, the constituent
phases in Nbss + Nb5Si3 + Cr2Nb eutectics distributed evenly
and uniformly, presenting a river-like eutectic morphology, as
shown in Fig. 2(d) and (h).
3.2. Microstructure of the subsequent heat treatment (HT)
samples
Fig. 3 illustrates the XRD patterns of HT samples with differ-
ent withdrawal rates. Combining EDS results shown in Table 2,
it can be seen that HT samples were also composed of Nbss,
a-Nb5Si3 and Cr2Nb. The structure type of Nb5Si3 did not
change after heat treatment at 1450 C for 10 h.
Fig. 4 illustrates the microstructures on both transverse and
longitudinal sections of the HT samples. Microstructures of
HT samples changed notably compared with DS samples. Fine
Nbss slices in the center of Nbss + Nb5Si3 eutectics connected
together, and even connected with the coarser Nbss in the exte-
rior margin of Nbss + Nb5Si3 eutectics. Thus, Nbss turnedcontinuous to form a meshy matrix. With smoother bound-
aries, Nb5Si3 were inclined to be spheroidized and distributed
discretely as ﬁbers in the meshy matrix of Nbss. Therefore, a
speciﬁc ﬁber-mesh structure was obtained, as shown in
Fig. 4(e), (f) and (g).
With the connection of Nbss, the boundaries of
Nbss + Nb5Si3 eutectic cells turned blurry and the shape of
transverse sections was no longer regularly round or tetrago-
nal. Furthermore, Ti-rich Nbss + Nb5Si3 + Cr2Nb eutectics
disappeared while Cr2Nb still remained, as shown in Fig. 4
(d) and (e). After heat treatment, the volume fraction of Cr2Nb
decreased from 3.0% in HT1.2 to 1.4% in HT06 approxi-
mately. While in HT18, the volume fraction of Cr2Nb was less
than 1%.
In HT samples, with the increase of withdrawal rate, the
volume fraction of the ﬁber-mesh structure increased while
the petaloid Nbss + Nb5Si3 eutectics decreased. In HT 1.2
sample, in the region beyond the petaloid Nbss + Nb5Si3
eutectics, Nb5Si3 stayed continuous as matrix though Nbss
had connected to some extent, as shown in Fig. 4(d). There-
fore, the ﬁber-mesh structure mentioned above was not formed
yet. In HT06 sample, the newly-formed ﬁber-mesh structure
was distinguished with petaloid Nbss + Nb5Si3 eutectic cells,
as shown in Fig. 4(e). While in HT18, the microstructure
had totally transformed from petaloid Nbss + Nb5Si3 eutectics
to the speciﬁc ﬁber-mesh structure, as shown in Fig. 4(f) and
Fig. 4 Typical microstructures on longitudinal ((a)–(c)) and transverse sections ((d)–(g)) of the HT samples with DS withdrawal rates of
((a), (d)) 1.2 mm/min; ((b), (e)) 6 mm/min; ((c), (f), (g)) 18 mm/min.
Fig. 5 Content change of Cr in Nbss with the increase of
withdrawal rate in DS and HT samples.
442 F. Ding et al.(g). This ﬁnding revealed that higher withdrawal rate could
promote the microstructure transformation above during this
heat treatment.
4. Discussion
4.1. Solidiﬁcation path
The EDS result of the river-like Nb5Si3 + Nbss + Cr2Nb
eutectic in Fig. 2h was shown in Table 1. It could be seen that
the contents of Ti and Cr, whose freezing points were relatively
low, were both higher than their contents in Nbss + Nb5-
Si3 + Cr2Nb eutectic. Combining this result with the fact that
the Nb5Si3 + Nbss + Cr2Nb eutectics existed in the intercellu-
lar region, it could be accordingly deduced that
Nb5Si3 + Nbss + Cr2Nb eutectics were solidiﬁed after
Nbss + Nb5Si3 eutectics during directional solidiﬁcation.
Therefore, the solidiﬁcation path of the DS18 sample was
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Ti-riched Nb5Si3 + Nbss + Cr2Nb eutectic. However, when
withdraw rate was 1.2 mm/min, Nb5Si3
* blocks precipitated
earlier before Nbss + Nb5Si3 eutectic as primary silicide, and
hence the solidiﬁcation path was described as Lﬁ Nb5Si3* +
L1, L1ﬁNbss + Nb5Si3 eutectic + L2, L2ﬁ Ti-riched
Nb5Si3 + Nbss + Cr2Nb eutectic. Due to the disappearance
of Nb5Si3
*, the solidiﬁcation path of DS06 was identical with
DS18.
4.2. Content change of Cr
As shown in Table 1 and Table 2, Cr tended to be solid
dissolved in Nbss instead of Nb5Si3. In DS samples, with the
increase of withdrawal rate, the content of Cr in Nbss increased
and the maximum reached 10.59 at.% in DS18. Meanwhile,
the volume fraction of Cr2Nb decreased. After heat treatment,
the content of Cr in Nbss increased further with the continuous
decrease of Cr2Nb. Fig. 5 illustrates the content change of Cr
in Nbss with the increase of withdrawal rate in DS and HT
samples.
Three factors as follows were supposed to account for the
increase of Cr in Nbss with the increase of withdrawal rate in
DS samples. Firstly, high withdrawal rate accelerated the
solidiﬁcation of Nbss, which hindered the diffusion of low-
melting point elements including Cr and Ti from Nbss to the
residual liquid. Hence, the increase of Cr in Nbss was observed
in DS samples. Secondly, primary silicide Nb5Si3
* existed in
DS1.2 sample and the content of Cr in Nb5Si3
* reached
5.07at%. When Nb5Si3
* disappeared at higher withdraw rates,
Cr in Nb5Si3
* would diffuse to adjacent phases including Nbss,
Nb5Si3 and Cr2Nb. According to Table 1, Cr in Nb5Si3 did not
noticeably increase and the volume fraction of Cr2Nb even de-
creased. Thus, Cr in Nb5Si3
* was bound to diffuse into Nbss.
Thirdly, the content of Cr in Nbss was closely related with
the content of Ti in Nbss. Zelenitsas et al.
21 concluded through
investigation that Cr content in Nbss grew up with the increase
of Ti/Nb ratio in Nbss. It could be seen from Table 1 that, with
the increase of withdrawal rate, the content of Ti in Nbss
increased while the content of Nb went the other way, which
pushed up the Ti/Nb ratio and hence caused the increase of
Cr content in Nbss.
After heat treatment, the content of Cr in Nbss increased
further. This change was thought to be related with the
decrease of Cr2Nb. Cr in Cr2Nb would diffuse to adjacent
phases including Nb5Si3 and Nbss. While Cr in Nb5Si3 did
not increase noticeably, the majority of Cr diffused into
Nbss. Furthermore, Ti/Nb ratio in Nbss increased further after
heat treatment, which could also promote the solid solution
content of Cr in Nbss.
As described in Section 3.1, the volume fraction of Cr2Nb
decreased with the increase of withdrawal rate in DS samples.
This change closely related to solute diffusion during solidiﬁca-
tion. As analyzed in Section 4.1, Nbss + Nb5Si3 eutectics were
preferential precipitated compared to Cr2Nb in low-melting
point region. High withdrawal rate accelerated the solidiﬁca-
tion of Nbss + Nb5Si3 eutectics, hindering the diffusion of
low-melting point elements including Cr and Ti from
Nbss + Nb5Si3 eutectic to the residual liquid, which could be
conﬁrmed with the increase of Cr and Ti in Nbss as shown
in Table 1 and Table 2. Hence, the content of Cr in residualliquid decreased, which caused the volume fraction decrease
of Cr2Nb.
As a signiﬁcant alloying element to Nb–Si based compos-
ites, the content of Cr in both compounded and dissociative
forms would deﬁnitely affect the materials performance such
as oxidation resistance at high temperature and fracture tough-
ness at room temperature.22,23 In this work, Cr content in Nbss
and the volume fraction of Cr2Nb could be both regularly con-
trolled through the withdrawal rate of directional solidiﬁcation
and the subsequent heat treatment.
5. Conclusions
(1) The microstructure of directionally solidiﬁed
Nb–14Si–24Ti–10Cr–2Al–2Hf–0.1Y alloy mainly
consisted of Nbss + Nb5Si3 eutectics and Ti-rich
Nbss + Nb5Si3 + Cr2Nb eutectics. As the withdrawal
rate increased, the primary Nb5Si3 was eliminated,
Nbss + Nb5Si3 eutectic cells turned round and connected
and Nbss + Nb5Si3 + Cr2Nb eutectics turned to a river-
like morphology gradually.
(2) After heat treatment, petaloid Nbss + Nb5Si3 eutectics
transformed to a speciﬁc ﬁber-mesh structure, which
was promoted by higher withdrawal rates. Ti-riched
Nbss + Nb5Si3 + Cr2Nb eutectics disappeared while
Cr2Nb still remained.
(3) In DS samples, with the increase of withdrawal rate, the
content of Cr in Nbss increased while the volume frac-
tion of Cr2Nb decreased. After heat treatment, the con-
tent of Cr in Nbss increased further with the continuous
decrease of Cr2Nb.Acknowledgement
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